Despite dramatic advances of polymers and composites in the past several decades, metals remain irreplaceable in many important applications for automotive, aerospace and energy industries. However, metals are typically susceptible to environmental attack. One prominent example is hydrogen embrittlement (HE) that can result in sudden and catastrophic failure of metallic components and systems (1).
Hydrogen is abundant in service environments and manufacturing processes. As a result, HE poses a significant threat to load-bearing metallic components and is often considered as a major obstacle to the reliable applications of structural metals. Despite considerable effort in the study of HE (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , the dominant physical mechanisms of HE remain controversial (16, 17) . Hence, the study of HE at the atomistic and electronic levels may illuminate the mechanistic origin of HE and thus enable the development of effective means to mitigate HE. Moreover, the influence of hydrogran on dislocation migration can be distinguished from its role in GB segregation and compromise of fracture resistance. We focus on the latter here.
Hydrogen adsorption is favored more at microstructural heterogeneities (18) , such as grain boundaries (GBs), than in interstitial sites in the bulk lattice. Recently, Bechtle et al. (19) conducted experiments on GB-engineered Ni samples with and without hydrogen, and their results showed that the susceptibility of HE can be drastically redued at special GBs that are characterized with low excess free volumes and a high degree of atomic matching. In addition, Oudriss et al. (20) showed that special GBs can trap hydrogen and reduce hydrogen diffusion. These studies highlight the important role of GBs in influencing hydrogen transport and embrittlement behaviors, and suggest the possibility of controlling the susceptibility of structural metals to HE through GB engineering.
To advance rational GB engineering, it is essential to characterize the GBs and associated hydrogen segregation behaviors in a systematic and quantitative manner.
The structure of certain high angle tilt GBs is commonly described by the Coincidence Site Lattice (CSL) model (21) . Alternatively, the GB structure can be represented by a periodic array of nested three-dimensional (3D) structural units (22, 23) , which are associated with CSL boundaries but also pertain to general high angle tilt grain boundaries. Along this line of approach, Ashby et al. (24) showed that there exist eight unique convex polyhedrons with triangle faces (i.e., so-called deltahedra) to account for all possible basic packing units at a tilt GB. This approach enables the characterization of GBs with a simple, yet powerful, concept of geometric packing unit, which can be applied to investigate many structural and chemomechanical properties of GBs, such as interstitial impurity segregation at GBs (25, 26) .
Here we develop a novel modeling approach that combines the space tessellation of polyhedral packing units and first principles density functional theory (DFT) calculations for studying the hydrogen segregation at GBs in face-centered cubic (FCC) metals, including Ni, Cu, γ-Fe and Pd. The polyhedral packing units at GBs are uniquely identified and their central holes are shown to serve as favorable interstitial sites of hydrogen adsorption. Our DFT calculations reveal a universal dependence of hydrogen adsorption energies on the local volume deformation of polyhedral packing units in all four FCC metals studied. To uncover its physical origin, we establish a general formula involving a minimum number of first principles input and fitting parameters that nicely matches all DFT data of hydrogen adsorption energies at GBs in four different FCC metals. Such a general result illuminates the chemomechanical origin of hydrogen segregation at GBs. The physical meaning of the parameters in the formula is clarified to facilitate determination without fitting. Our results thus provide mechanistic insights towards predictive GB engineering to support the development of HE-resistant metals.
We have studied a number of symmetric tilt GBs with various misorientations in the FCC metals of Ni, Cu, γ-Fe and Pd. Among these GBs, five types of polyhedrons are involved, namely tetrahedron (TET), octahedron (OCT), pentagonal bipyramid (PBP), cap trigonal prism (CTP) and bi-tetrahedron (BTE) (27), as illustrated in Fig. 1 for a representative Σ 5(130)[100] GB (meaning the (130) GB face with a [100] tilt axis) in Ni. We identified these polyhedrons by space tessellation (28). Energy minimization from DFT calculations indicates that there is only one interstitial site of hydrogen adsorption in each polyhedron, which lies closely to the centroid of the polyhedron. This is consistent with the Switendick criterion based on the minimum H-H distance (29). Hence, the center of each polyhedron corresponds to an individual hydrogen adsorption site at the GBs. In other words, one can identify potential hydrogen adsorption sites along GBs using a geometric approach of space tessellation of polyhedral packing units without a detailed knowledge of hydrogen adsorption chemistry. After the identification of hydrogen adsorption sites at GBs through space tessellation of polyhedral packing units, we performed DFT calculations to evaluate the interactions between hydrogen and GBs in terms of adsorption energetics. Fig. 2 shows the differential charge density of Σ 5(130)[100] Ni GB projected along the (100) plane (see Fig. S3 for similar plots of other FCC metals studied). These results indicate that the interactions between hydrogen and the host atoms are dominantly localized at GBs, and hence the adsorption energy can be primarily determined by the local environment of the capsule, i.e., the polyhedron enclosing the hydrogen atom. on the (100) plane, with (a)-(e) being two dimensional while (f)-(j) being three dimensional charge density contours. In (a)-(e), the blue dash line represents electron depletion and the red solid line signifies electron accumulation. In (f)-(j), the red spheres represent Ni atoms locating at the vertices of the polyhedron that encloses the hydrogen atom, indicated by the small pink sphere, while the grey spheres represent other Ni atoms. Blue region represents electron depletion while yellow region signifies electron accumulation.
The adsorption energy of hydrogen, ad are the total energies of the system before and after adsorption of one hydrogen atom, respectively, and H iso E is the energy of one isolated hydrogen atom in vacuum. Based on Eq. (1), we calculated the hydrogen adsorption energies for different polyhedral sites for a series of symmetric tilt GBs (28) in Ni, Cu, γ-Fe and Pd, as plotted in Fig. 3 The intriguing correlation shown in Fig. 3 
where B is the bulk modulus (see Table I ). We note that the bulk modulus of the lattice is an approximation of the local bulk modulus pertaining to GB regions, owing to the differences in atomic coordination and bond lengths, but is considered here to serve as an approximation. Consequently the mechanical interaction energy between the hydrogen and polyhedral packing units is estimated as
Using Eq. (3), we can express the adsorption energy of a hydrogen atom in a polyhedron packing unit at a GB in terms of
where 0 ad E is the chemisorption energy of hydrogen in a deltahedron (i.e., a pristine polyhedron as defined earlier). Eq. (4) Table I (28). The close agreement between the DFT data and the predictions based on Eq. (4) shown in Fig. 4 demonstrates that Eq. (4) Table I ). Hence, hydrogen induces similar dilatation both at the GB and in the bulk (28).
Eq. (4) Moreover, our study suggests a mechanistic pathway for further study of the GB effects on hydrogen embrittlement. First, with polyhedrons as atomic structural units of the metal lattice, the diffusion of hydrogen can be considered as discrete hops between neighboring polyhedra. Given the highly localized interactions between hydrogen and GBs, the jumping trial frequency and migration barrier would presumably depend on the coupling of neighboring polyhedra and their associated dilatation. Recognition of such localized interactions will enable the characterization of the complete diffusion parameters through a finite set of calculations (34), thus greatly facilitating the study of kinetics of hydrogen migration at GBs. Second, the present study calls for a rigorous continuum micromechanical study on the deformation fields of GBs, e.g., through the generalized Peierls-Nabarro model that treats the atomic interaction right at the GB interface and the continuum elastic 
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Xiao We focused on symmetric tilt GBs in the present study, yet several non-symmetric GBs were also investigated for the purpose of proof-of-concept or when looking for certain polyhedrons.
In our calculations, the zero point energy (ZPE) correction was not included due to the high computational cost. However, preliminary studies with ZPE correction were performed, showing that ZPE does not affect our results (albeit possibly overall a small shift for energetics that does not change the trend).
Figure S1:
The atomistic configurations of the symmetric tilt GB structures studied.
S2. SPACE TESSELLATION ALGORITHM FOR QUICK IDENTIFICATION OF POLYHEDRONS
A space tessellation algorithm based on 3D Voronoi diagram (7) was developed to enable quick division of the lattice into convex deltahedron units. The algorithm first computes the locations of all the vertex points of the Voronoi polygons enclosing the host atoms. For each vertex point, the host atoms that neighbor it (within a cut-off distance) are identified. Then with the vertex point approximated as the polyhedron center, Voronoi diagrams are constructed to determine possible polyhedron configurations. The above process is illustrated in Fig. S2 . One main challenge in the above algorithm is that there are degenerated Voronoi cell vertices (8), i.e., multiple vertex points being in close vicinity of each other (the red dash circle, as shown in Fig. S2 (a) ). Herein, we introduce a simple method to consolidate degenerated points, i.e., all vertex points with mutual separations within a certain cut-off distance are "fused" into a single point (e.g., a cut-off distance of 1.30 Ǻ is chosen for the Ni system). This approach is schematically illustrated in Fig. S2b .
The central idea behind the above tessellation algorithm is that the vertices of Voronoi cells, after consolidation to eliminate degeneracy, effectively serve as the vertices of polyhedrons. 
S3. MATERIAL PROPERTIES OF BULK LATTICES
Prior to GB calculations, DFT calculations were performed to obtain the essential material properties of the bulk lattice. A 3×3×3 periodic supercell containing 108 host atoms was used in these calculations. Table S1 lists the values of equilibrium lattice constant (a 0 ), bulk modulus (B) and partial volume (Ω), for different materials (i.e., Ni, Cu, FCC-Fe and Pd). Those values are in good agreement with data in literatures, as shown in Table S1 . Ref.
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S4. PREDICTIVE MODELING OF HYDROGEN ADSORPTION ENERGETICS

S4.1. Localization of hydrogen-lattice interactions
As mentioned in the main text, the hydrogen-lattice interactions are strictly local and thus the adsorption energy is solely determined by the local environment of the polyhedron that encloses the hydrogen atom. The localization was demonstrated via the differential charge density plots in Fig. 2 for Ni. Similarly for other material systems, i.e., Cu, γ-Fe and Pd, the localization was also observed, illustrated in Fig.   S3 below. plots represent electron depletion and electron accumulation respectively. In the 3D plots, blue isosurface and yellow isosurface are electron depletion and electron accumulation, respectively. The small pink spheres are hydrogen atoms and big red spheres are metal atoms at polyhedron vertices. The big gray spheres represent other metal atoms surrounding the polyhedron.
S4.2. Determination of model parameters
Applying the proposed analytical model to the show excellent agreement. On the other hand, the pristine PBP and CTP polyhedrons are not available (at least in all the GB structures examined in the present study).
In our preliminary pursuit to tackle this challenge, we found that one possible route to construct pseudo-pristine PBP and CTP polyhedrons, using which the The afore-mentioned shell construction may be repeated to build several shells.
A hydrogen atom is then introduced into the polyhedron and the whole system is then relaxed (with atoms in the outmost shell fixed while other atoms free to move)
to obtain the hydrogen adsorption energy (as the value for 0 ad E ). Two sample constructions (for PBP and CTP) are illustrated in Fig. S4 . The number of shells and the details of how each shell is constructed depend on the convergence and polyhedron stability during the relaxation process;
2) Method #2: Given than distorted PBP and CTP exist along certain GBs, another way to construct the pseudo-pristine polyhedron is to carve out a region with the polyhedron of interest in the center. A displacement field can then be applied to the carved-out cluster to "revert" the distortion so as to transform the polyhedron into its pristine form. Then a hydrogen atom can be introduced to compute the hydrogen adsorption energy (as the value for 0 ad E ) -again with the outmost atoms fixed while other atoms free to move. For this method, the challenge is to properly determine the size of the carve-out region and systematically define the c During the process, the atoms belonging to the polyhedron are held fixed. displacement field.
We can see that the above two methods of pseudo-pristine polyhedron construction are rather ad-hoc in nature, which definitely necessitates detailed studies to grant a consistent and reliable construction -this will be tackled in our future studies. Table I 
S5. HYDROGEN SEGREGATION ANALYSIS
The segregation energy of hydrogen at GB and free surface is calculated as: Here only the hydrogen segregation directly along the GB was considered in the analysis for simplicity and the room temperature of T=300K was assumed. To put the above observations in perspective, we examined relevant experimental studies reported in literature. In a recent study by S. Bechtle et al. (23) , the HE phenomena in pure Ni was investigated. In the study, they demonstrated that the HE resistance of Ni can be considerably enhanced by increasing the fraction of the so-called "special" GBs. These "special" GBs refer to the GBs with low sigma number ( Σ <29) under the CSL nomenclature (24) . Among those "special" GBs, Σ 3 and Σ 3 n GBs were shown to play the main role in enhancing the HE resistance (23).
This is directly reflected in our results shown in Fig. S7 , where we see that Σ 3 and S7 where sizable influence of hydrogen is observed. This echoes with the work by Randle (24) which demonstrated that the CSL definition of "special" GBs is indeed ambiguous and a more realistic definition is needed when applied to corrosion or fracture of GBs or GB engineering).
In light of the above, we explored the possibility of identifying a more-refined definition of "special" GBs using the new insights from the present study. As we stated in the main text, the key underlying strong trapping of hydrogen at a GB is the lattice distortion. In Fig. S8 , we show the corresponding contour plots of lattice distortion (of polyhedrons) along those "special" ( Σ <29) GBs examined in Fig. S7 , we note that these contour plots also help effectively distinguish the GBs 30 within the "special" category, i.e., we can clearly see that Σ 3, Σ 9 and Σ 11 show significantly less degree of lattice distortion than Σ 17. In this regard, we expect that Σ 17 would remain quite susceptible to HE despite it being a "special" GB (according to the general Σ <29 definition). Among the three GBs, i.e., Σ 3, Σ 9
and Σ 11, we see from Figs S7 and S8 that Σ 3 and Σ 11 are particularly insensitive to hydrogen infiltration. This can be further explained by a detailed analysis at the polyhedron level, described as follows. For the Σ 3 GB, there is simply no distortion at GB as it consists of only pristine BTE polyhedrons. While for the Σ 11 GB, it is composed of nearly pristine CTP polyhedrons with ignorable distortion. The observed high resistance of Σ 11 to hydrogen is also consistent with previous experimental studies, e.g., Baskes et al (25) investigated H trapping behavior in Ni Σ 9 and Σ 11 GB, suggesting no apparent HE tendency; Du et al. (13) demonstrated there is no notable hydrogen trapping in γ-Fe Σ 11 GB. From the above, we see that we can redefine "special" GBs in the context of HE, e.g., as the group of GBs with overall (or individual) lattice distortion smaller than a critical threshold. Of course further studies are necessary to properly determine this critical threshold distortion. 
